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Tandem-arranged PDZ [PSD-95 (postsynaptic density-95), Dlg 
(discs large homologue) and ZO-1 (zonula occludens-1)] domains 
often form structural and functional supramodules with distinct 
target-binding properties. In the present study, we found that 
the two PDZ domains within the PDZ34 tandem of Scribble, 
a cell polarity regulator, tightly pack in a ‘front-to-back’ mode 
to form a compact supramodule. Although PDZ4 contains a 
distorted «B/B pocket, the attachment of PDZ4 to PDZ3 
generates an unexpected interdomain pocket that is adjacent 
to and integrates with the canonical wB/BB pocket of PDZ3 
to form an expanded target-binding groove. The structure of 
the PDZ34-target peptide complex further demonstrated that 
the peptide binds to this expanded target-binding groove with 
its upstream residues anchoring into the interdomain pocket 
directly. Mutations of the interdomain pocket and disruptions 


of the PDZ34 supramodule both interfere with its target-binding 
capacity. Therefore, the interdomain interface between the PDZ34 
supramodule is intrinsically required for its target recognition 
and determines its target-binding specificity. This interdomain 
interface-mediated specific recognition may represent a novel 
mode of target recognition and would broaden the target-binding 
versatility for PDZ supramodules. The supramodular nature and 
target recognition mode of the PDZ34 tandem found in the present 
study would also help to identify the new binding partners of 
Scribble and thus may direct further research on the PDZ domain- 
mediated assembly of Scribble polarity complexes. 


Key words: PDZ domain, scaffold protein, Scribble, supramodule, 
target recognition. 


INTRODUCTION 


PDZ [PSD-95 (postsynaptic density-95), Dlg (discs large 
homologue) and ZO-1 (zonula occludens-1)] domains are one 
of the most abundant protein—protein interaction modules that 
have the capacity to recognize a short stretch of residues at 
the C-termini of target proteins (referred to as the C-terminal 
peptide) [1-4]. Most of the PDZ domain-containing proteins 
are multimodular scaffold proteins and often contain multiple 
PDZ domains so that they can simultaneously interact with 
various binding partners and thereby assemble supramolecular 
signalling complexes [1,4,5]. A striking feature of these multiple 
PDZ domain-containing proteins is that the PDZ domains within 
them are often arranged in tandem with relatively short covalent 
linkers [5] (Supplementary Figure $1). More and more studies 
demonstrate that these tandem-arranged PDZ repeats generally 
function as one structural and functional supramodule (rather than 
two independent domains) that possesses distinct target-binding 
properties and therefore cannot be treated as a simple sum of each 
PDZ domain within the tandem [5,6] (Supplementary Figure S1). 

Scribble is a key cell polarity regulator that plays a fundamental 
role in controlling the establishment and maintenance of cell 
polarity and the mislocalization of Scribble is also directly 


correlated to tumorigenesis [7-10]. Scribble is a classical 
multimodular scaffold protein that contains 16 leucine-rich 
repeats (LRRs) and four PDZ domains (PDZ1PDZ4; Figure 1A). 
The N-terminal LRR domain of Scribble can associate with 
Lgl (lethal giant larvae) and is required for the membrane 
localization of Scribble in epithelial cells [11-13]. The formation 
of the Scribble-Dlg—Lgl complex at the basolateral region is 
antagonistic to the apical Par (partitioning defective)-3—Par-6— 
aPKC (atypical protein kinase C) complex, which is essential for 
establishing the apical—basal polarity of epithelial cells [14-17]. 
In contrast, the C-terminal PDZ domains of Scribble can interact 
with a rather diverse range of target proteins to assemble distinct 
polarity complexes and regulate different forms of cell polarity 
(Supplementary Figure S1). For instance, Scribble is capable of 
interacting with Vangl2 (vang-like protein 2) through its PDZ 
domains to control planar cell polarity [11,18,19]. With the help 
of its PDZ domains, Scribble can also assemble the Scribble—£- 
PIX (6-p21-activated kinase-interacting exchange factor)—-PAK 
(p21-activated kinase) complex [20-22] and works together 
with NOS1AP (Nitric oxide synthase 1 adaptor protein) at the 
leading edge of migrating cells to control cell migration [23,24]. 
Consistent with the above essential roles of the PDZ domains, the 
neural tube closure defect induced by mutations of Scribble in 


Abbreviations: aPKC, atypical protein kinase C; Dlg, discs large homologue; GRIP, glutamate receptor-interacting protein; INAD, inactivation no after 
potential D; ITC, isothermal titration calorimetry; Lgl, lethal giant larvae; LRR, leucine-rich repeat; NOS1AP, Nitric oxide synthase 1 adaptor protein; PAK, 
p21-activated kinase; Par, partitioning defective; PBM, PDZ-binding motif; PDZ, PSD-95, Dlg and ZO-1; PSD-95, postsynaptic density-95; Trx, thioredoxin; 
Vangl2, vang-like protein 2; ZO-1, zonula occludens-1; B-PIX, B-p21-activated kinase-interacting exchange factor. 
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in the PDB under codes 4WYT and 4WYU respectively. 
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Figure 1 The overall structure of the PDZ34 tandem of Scribble 
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(A) Domain organization of Scribble. (B and C) A ribbon diagram of the structure of the PDZ34 tandem [from a side view (B) and a top view (C)]. PDZ3, PDZ4 and the linker are coloured green, 
blue and orange respectively. The target-binding pocket of each PDZ domain is highlighted by a purple arrow. (D) A surface representation of the PDZ34 tandem. The two target-binding pockets are 
also marked by purple arrows. (E) An ‘open-book’ view of the interdomain interface between the PDZ34 supramodule by a surface representation. In this representation, the hydrophobic, positively 
charged, negatively charged residues and remaining residues are coloured yellow, blue, red and white respectively. 


mouse embryo development is largely caused by the lack of the 
last two PDZ domains [25]. 

Among the four PDZ domains of human Scribble, the last 
two PDZ domains (PDZ3 and 4) are connected by a short linker 
with four residues (P'°%-A-P-P'™®; Figure 1A). Moreover, the 
three proline residues within the linker are highly conserved 
(Figure 2A) and, due to the intrinsic rigidity of proline, they 
would endow the covalent linker with an exceptional rigidity 
that would constrain the two PDZ domains to work together. 
Based on the previous studies of tandem PDZ repeats [5,6], the 
specific arrangement of the PDZ34 tandem in Scribble and the 
intrinsic rigidity of its ‘proline-rich’ covalent linker suggest that 
these two PDZ domains could intimately contact each other and 
function as one structural supramodule. However, the available 
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biochemical studies of Scribble PDZ domains largely focused 
on each isolated PDZ domain of the PDZ34 tandem [26-28], 
which may not reflect the target-binding property of this PDZ 
tandem. 

In the present study, we determined the crystal structure 
of the Scribble PDZ34 tandem and found that the two PDZ 
domains tightly pack in a ‘front-to-back’ manner to form an 
integrated structural supramodule. To gain insights into the target- 
binding property of this PDZ supramodule, we further solved 
the crystal structure of the PDZ34 tandem in complex with the 
C-terminal peptide. Unexpectedly, the peptide not only binds 
to the canonical wB/BB pocket of PDZ3 but also has direct 
contacts with the interdomain interface between PDZ3 and PDZA4. 
Thus, the intrinsic interdomain interface between the PDZ34 
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Figure 2 Interdomain interface between the PDZ34 supramodule 


(A) Sequence alignment of the PDZ34 tandem of Scribble from different species. The identical and highly conserved residues are coloured red and green respectively. The rigid ‘proline-rich’ linker is 
highlighted with a dashed box. The residue numbers of the PDZ34 tandem and the secondary structures are marked on the top. The hydrophobic and hydrophilic residues that are responsible for the 
interdomain interactions are marked with orange dots and blue triangles respectively at the bottom. (B) A combined ribbon and stick model illustrates the interdomain interaction interface between 
the PDZ34 supramodule. In this representation, PDZ3, PDZ4 and the linker are coloured green, blue and orange respectively, and the side chains of the residues involved in the interdomain packing 
are shown as sticks. 
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supramodule is directly involved in discriminating its binding 
targets. 


MATERIALS AND METHODS 
Protein expression and purification 


DNA sequences encoding the human Scribble PDZ3 (residues 
991-1092), PDZ34 (residues 991-1203) and PDZ34 mutants 
were each cloned into a modified version of the pET32a 
vector that contains an N-terminal GB 1—His,-tag. Recombinant 
proteins were expressed in Escherichia coli BL21(DE3) host 
cells at 16°C. The GB1-His,-tagged fusion proteins were 
purified by Ni? + -Sepharose 6 Fast Flow (GE Healthcare) affinity 
chromatography followed by size-exclusion chromatography 
(Superdex-200 26/60, GE Healthcare). For the PDZ34 wild- 
type protein, after the cleavage of the GBl-tag, the resulting 
protein was further purified by another round of size-exclusion 
chromatography. 


Crystallization and data collection 


The crystals of Scribble PDZ34 (8 mg/ml in 50 mM Tris/HCl, 
pH 8.0, 100 mM NaCl, 1 mM EDTA and 1 mM DTT) were 
obtained at 16°C using the vapour diffusion method (sitting drop) 
in 3 M NaCl and 0.1 M Tris/HCl, pH 7.5. For the crystallization 
of the PDZ34—peptide complex, the commercially synthesized 
peptide (with a sequence of ‘-S-W-F-Q-T-D-L’) was dissolved and 
then mixed with Scribble PDZ34 (8 mg/ml in 50 mM Tris/HCl, 
pH 8.0, 100 mM NaCl, 1mM EDTA and 1 mM DTT) with 
a 5:1 molar ratio of peptide to protein. The crystals of the 
PDZ34—peptide complex were obtained at 16°C using the vapour 
diffusion method (sitting drop) in 0.2M KI, 0.1M HEPES, 
pH 7.5 and 10% (w/v) PEG 3350. Before being flash-frozen in 
liquid nitrogen, the crystals of PDZ34 and the PDZ34—peptide 
complex were cryoprotected with paraffin oils and the mother 
liquor supplemented with 25% ethylene glycerol respectively. 
Diffraction data were collected at the beamline BL17U of the 
Shanghai Synchrotron Radiation Facility with a wavelength of 
0.979 Å (1 A=0.1 nm) at 100 K. All datasets were processed and 
scaled using iMOSFLM [29] and SCALA module in the CCP4 
(Collaborative Computational Project No. 4) suite [30]. 


Structural determination 


The structure of Scribble PDZ34 was solved by the molecular 
replacement method using the isolated PDZ3 domain of PSD- 
95 (PDB code: 1TP3) as search model with PHASER [31]. The 
structure model was further manually built with COOT [32] and 
refined with Phenix [33]. For the determination of the PDZ34— 
peptide complex structure, the refined Scribble PDZ34 structure 
was used as the search model for the molecular replacement 
method. The peptide was built manually according to the 2Fo-Fc 
and Fo-Fc electron density maps. The overall quality of the final 
structural models of PDZ34 and the PDZ34—peptide complex was 
assessed by PROCHECK [34]. The protein structure figures were 
prepared using the program PyMOL (http://www.pymol.org). The 
statistics for the data collection and structural refinement are 
summarized in Supplementary Table S1. 


Trx-tagged C-terminal peptides 


The C-terminal peptides used for the measurement of binding 
affinity were obtained by fusing the corresponding amino acids 
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to the C-terminal end of thioredoxin (Trx; referred to as the 
Trx-tagged C-terminal peptides). To mitigate potential steric 
hindrance, nine amino acid residues were used as a linker 
to separate the peptide from the Trx-tag. The Trx-tagged C- 
terminal peptides were purified by Ni’*—Sepharose 6 Fast Flow 
(GE Healthcare) affinity chromatography followed by size- 
exclusion chromatography (Superdex-200 26/60, GE Healthcare). 
The fresh-purified Trx-tagged C-terminal peptides were then 
concentrated to ~1.5mM and used for the binding assay. In 
contrast, the C-terminal peptide with a sequence of *-S-W-F-Q-T- 
D-L’ used for the crystallization of the PDZ34—peptide complex 
was commercially synthesized. 


Isothermal titration calorimetry assay 


The isothermal titration calorimetry (ITC) assay was performed 
using a MicroCalorimeter ITC200 (Microcal LLC) at 25°C. 
The Scribble PDZ34 was in the sample cell and the Trx-tagged 
C-terminal peptide was in the syringe of the instrument. The 
Trx alone was used as the negative control. The concentrated 
Trx-tagged C-terminal peptide (~1-1.5 mM) was sequentially 
injected into the stirred calorimeter cell (~225 ul) initially 
containing PDZ34 (~0.1-0.15 mM) with the injection sequence 
of 19 x 2 ul at 2 min intervals. Each experiment was repeated 
three times. The heat of dilution obtained by the titration of the 
peptide into the buffer was subtracted. The integrated, corrected 
and concentration-normalized peak areas of the raw data were 
finally fitted with a model of one binding site using Origin 7.0 
(Origin Lab). 


RESULTS 
The overall structure of the PDZ34 tandem of Scribble 


To investigate whether the last two PDZ domains of Scribble can 
form one integrated structural unit, we initiated the present study 
by structural characterization of the PDZ34 tandem. We purified 
the PDZ34 tandem and obtained high-quality crystals of this 
fragment after crystal screening and optimization. The structure 
of the PDZ34 tandem was solved by the molecular replacement 
method and was refined to 2.6 A resolution (Supplementary Table 
S1). In the structure, both PDZ3 and PDZ4 adopt a canonical PDZ 
domain fold in which six 6-strands (G8 A—SF) form a -sandwich 
with its two open sites capped by two a-helices (wA and œB) 
(Figure 1B). As expected, the two PDZ domains within the PDZ34 
tandem physically interact with each other and are arranged in a 
‘front-to-back’ fashion (if the site containing the conventional 
aB/fB target-binding pocket is defined as the ‘front’ site of the 
PDZ domain; Figures 1B and 1C). Thus, the PDZ34 tandem 
of Scribble indeed forms an integrated structural supramodule 
with a compact conformation (Figure 1D). Remarkably, the 
short rigid ‘proline-rich’ covalent linker between PDZ3 and 
PDZ4 also restrains the two PDZ domains, which may facilitate 
and stabilize the interdomain interactions for the supramodule 
formation (Figures 1B and 1C; see below for details). Moreover, 
the two «B/B target-binding pockets of this PDZ34 supramodule 
are nearly parallel to each other and are both accessible for binding 
to potential C-terminal target peptides (highlighted by arrows in 
Figure 1D). 


Interdomain interaction interface between the PDZ34 supramodule 


The interdomain interaction interface between the PDZ34 
supramodule (buried with ~340 A?) is formed by the ‘front’ site 
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of PDZ3 (including BB, BC and the BB—BC loop), the ‘back’ site 
of PDZ4 (including BD’, BE’, BF’ and the BE’—wB’ and BB’-BC’ 
loops) and the covalent linker (Figures 1B and 1C). Since both 
the ‘front’ site of PDZ3 and the ‘back’ site of PDZ4 are highly 
hydrophobic (Figure 1E), the packing core in the middle of the 
interdomain interface is largely contributed by the hydrophobic 
contacts between PDZ3 and PDZ4, e.g. Val, Pro", Phe” 
and Val!” from PDZ3 form a hydrophobic cluster with Leu’, 
Leu!!*8, Leu!!®, Leu''’’ and Cys''® from PDZ4 (Figures 2A and 
2B). Interestingly, one open site of this hydrophobic cluster is 
capped by Ala’ and Pro from the covalent linker, which 
supports that this short rigid linker not merely restrains the 
two PDZ domains in the supramodule but also is directly 
involved in the interdomain interactions (Figure 2B). Besides the 
above hydrophobic contacts, the electrostatic interactions between 
Lys’ from PDZ3 and Glu’! from PDZ4 in the interdomain 
interface probably further stabilize this compact supramodule 
(Figure 2B). Moreover, there is an additional interaction network 
formed between the two BB-BC loops from PDZ3 and PDZ4, 
i.e. the imidazole ring of His'”’ from PDZ3 forms a hydrogen 
bond with the carboxy side chain of Asp''”8 from PDZ4 and also 
parallels with the side chain of Asp''*' from PDZ4 (Figure 2B); 
Arg'!°° from PDZ4 forms electrostatic interactions with Asp'’*! 
and its bulky side chain further aligns well with the side chain of 
Pro’ from PDZ3 (Figure 2B). Taken together, all of the above 
interdomain interactions integrate the two PDZ domains to form 
a compact supramodule. 

To probe the essential roles of the interdomain contacts and the 
short rigid linker for the formation of the PDZ34 supramodule, 
we introduced mutations in the interdomain interaction interface 
(i.e. the L1158Q mutation to disrupt the central hydrophobic 
packing) and in the covalent linker (i.e. the replacement of proline 
with serine or with a flexible ‘-(GS)3-’ linker; Figure 2B). As 
expected, both the limited proteolysis assay and the thermal 
denaturation experiment demonstrated that all of the mutations 
significantly destabilize the PDZ34 tandem (Supplementary 
Figure S2), suggesting the severe disruption of the supramodular 
structure and possible dissociation of the two PDZ domains within 
the tandem. Thus, the interdomain packing together with the rigid 
linker contributes to the formation of the PDZ34 supramodule 
with a higher stability. 


An unexpected expanded target-binding groove within the PDZ34 
supramodule 


Since the two @B/#B target-binding pockets of the PDZ34 
supramodule are both exposed (Figure 1B), we wondered whether 
they possess the capacity of binding to the C-terminal target 
peptides. Based on the current knowledge of PDZ domains 
[1,2], PDZ3 and PDZ4 within the PDZ34 supramodule belong 
to the typical class-I PDZ domain (Supplementary Figure S3A). 
However, the proteomic studies of Scribble PDZ domains 
demonstrated that PDZ3 can bind to C-terminal peptides but PDZ4 
cannot [26,27]. To investigate the target-binding capacity of each 
PDZ domain within the PDZ34 supramodule, we next compared 
the «B/B target-binding pockets of isolated PDZ3 and PDZ4 
with that of the canonical class-I PDZ domain PSD-95 PDZ3 by 
superimposing «B (Supplementary Figure S3B). Interestingly, 
Scribble PDZ3 contains a similar open wB/BB pocket to that 
of PSD-95 PDZ3, whereas the wB/6B pocket of PDZ4 is much 
narrower due to its BB being relatively closer to its aB with 
a shift of 2 A (Supplementary Figure S3B). Moreover, at one 
side of the «B/B pocket of PDZ4, Arg''!® from the ‘RLGI’ 
loop extends from this loop and covers a part of the pocket and 


at the other side a hydrogen bond is formed between the side 
chain of His''”? from gB and the backbone of Ile!!! from BB 
to further lock down this pocket (Supplementary Figures S3D 
and S3E). Thus, consistent with the previous studies of isolated 
Scribble PDZ domains [26,27], the aB/BB pocket of PDZ4 is 
unlikely to be capable of binding to the C-terminal peptides but 
that of PDZ3 can. However, our structure-based analysis did not 
rule out the possibility that the closed wB/BB pocket of PDZ4 
within the PDZ34 supramodule could interact with its targets in 
an unconventional way and thus may open upon binding to certain 
target molecules. 

Although PDZ4 contains a distorted a@B/BB pocket, it 
intimately packs with PDZ3in the PDZ34 _ supramodule 
(Figure 1B). More significantly, the attachment of PDZ4 to 
PDZ3 in the PDZ34 supramodule generates an unexpected 
elongated pocket between the two domains (referred to as the 
interdomain pocket hereafter) that is adjacent to the canonical 
aB/6B target-binding pocket of PDZ3 (Figure 3A). This 
interdomain pocket is constructed by the residues from both the 
two PDZ domains, i.e. the upper half of the pocket is formed 
by Ser", Val”, Ser’? and Lys’ from PDZ3 and Glu’, 
Ser! and Leu!!® from PDZ4, whereas the lower half of the 
pocket is contributed by His’ from PDZ3 and the BE’-«B’ 
loop of PDZ4 (Figure 3B). Furthermore, this interdomain pocket 
is found to merge with the wB/BB pocket of PDZ3 to form an 
expanded target-binding groove that may provide additional sites 
for recognizing the C-terminal target peptide (Figure 3A, and see 
below). Based on the conventional recognition mode for the C- 
terminal peptide, the wB/BB pocket of PDZ3 would accommodate 
the last three residues (the 0, — 1 and — 2 positions) of the peptide, 
whereas the interdomain pocket could recognize the upstream two 
residues (the — 3 and — 4 positions; Figure 3B). 


Identification of the C-terminal peptide for binding to the PDZ34 
supramodule 


Based on the above structure-based analysis, we next searched 
for the C-terminal peptide that can bind to the expanded target- 
binding groove of the PDZ34 supramodule. Previous studies 
have demonstrated that isolated PDZ3 prefers to bind to PDZ- 
binding motifs (PBMs) with the sequence ‘-6-¢-[EDQH]-[TS]- 
X-[LIV]’ (where ¢ is a hydrophobic residue and X is any residue) 
[27]. Since the wB/6B pocket of PDZ3 occupies a large part 
of the expanded target-binding groove, we took advantage of 
the optimized PBMs of isolated PDZ3 to seek the C-terminal 
peptides for the PDZ34 supramodule. We fused these artificial 
sequences to the C-terminal end of Trx and measured the binding 
affinity between each Trx-tagged C-terminal peptide and the 
PDZ34 supramodule by using an ITC assay (Supplementary 
Figure S4A). The feasibility of this strategy was proved by the 
observation that the Trx alone showed no binding to the PDZ34 
supramodule, whereas the Trx-tagged C-terminal peptide could 
bind (Supplementary Figures S4B and S4C). As expected, all 
these artificial C-terminal peptides can indeed bind to the PDZ34 
supramodule but with distinct binding affinities (Supplementary 
Figure S4C). Moreover, consistent with the above structural 
analysis (Figure 3; Supplementary Figure S3), the interaction 
between the PDZ34 supramodule and each peptide showed a ~1:1 
stoichiometry (Supplementary Figure S4C), suggesting that this 
supramodule contains only one target-binding site that can interact 
with the C-terminal peptide. Thus, the PDZ34 supramodule 
can recognize these C-terminal peptides most probably through 
the expanded target-binding groove (Figure 3, and see below). 
However, to validate this assumption and further elucidate the 
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Figure 3 An expanded target-binding groove within the PDZ34 supramodule 
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(A) A surface representation of the PDZ34 supramodule showing an expanded target-binding groove. PDZ3 and PDZ4 are coloured green and blue respectively. (B) A close-up view of the expanded 
target-binding groove. In this representation, PDZ3 and PDZ4 the linker are coloured as in (A) and the side chains of the residues involved in the groove formation are shown as sticks. The potential 
positions of the residues within the binding peptide are marked by red semi-circles with spokes indicating the directions of their side chains. (C) A summary of the binding results for the identification 
of the C-terminal peptide for the PDZ34 supramodule. The sequences of the C-terminal peptides used for the binding assay are indicated. 


target recognition mode of the PDZ34 supramodule, the structure 
of the PDZ34 supramodule in complex with the C-terminal 
peptide was required. After comparison of the binding affinities 
between each peptide and the PDZ34 supramodule, we selected a 
C-terminal peptide with the sequence of ‘-S-W-F-Q-T-D-L’ (that 
shows a relatively stronger binding affinity with a Ka of ~7 uM) 
for further investigation of the complex structure (Figure 3C). 


The crystal structure of the PDZ34-C-terminal peptide complex 


We failed in our attempt to determine the structure of the 
PDZ34—C-terminal peptide complex by co-purifying the PDZ34 
supramodule and the Trx-tagged C-terminal peptide and then 
we resorted to the synthetic C-terminal peptide. Interestingly, 
the synthetic ‘-S-W-F-Q-T-D-L’ peptide binds to the PDZ34 
supramodule with a similar ~1:1 stoichiometry but a higher 
affinity (~1 uM) when compared with the Trx-tagged C-terminal 
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peptide (~7 uM; Supplementary Figure S5). This difference is 
possibly caused by some spatial hindrance between the Trx- 
tag and the PDZ34 supramodule. Nevertheless, we successfully 
determined the crystal structure of the PDZ34—C-terminal 
peptide complex by using the synthetic peptide (Figure 4A; 
Supplementary Table S1). In the complex structure, only one 
C-terminal peptide binds to the expanded target-binding groove 
of the PDZ34 supramodule, whereas the presumable aB/fB 
target-binding pocket of PDZ4 is unoccupied (Figure 4A), which 
is consistent with the above biochemical characterization and 
structure-based analysis (Figure 3; Supplementary Figure S3). 
As expected, the last three residues of the C-terminal peptide 
form a B-strand that anchors with 6B of PDZ3 in an antiparallel 
fashion and the upstream two residues of the peptide indeed 
penetrate into the interdomain pocket between PDZ3 and PDZ4 
(Figures 4B-4D). More specifically, the carboxy group of Leu? 
forms a hydrogen-bond network with the backbone of the ‘PLGL’ 
loop of PDZ3 and its side chain inserts into the hydrophobic 
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Figure 4 The structure of the PDZ34-C-terminal peptide complex 


(A) A ribbon diagram of the structure of the PDZ34—C-terminal peptide complex. The PDZ34 supramodule is coloured as in Figure 1 and the peptide is coloured yellow. (B) A close-up view of the 
C-terminal peptide in the complex structure as a stick model representation. The electron density map (2Fo-Fc map) of the peptide is shown and contoured at 1.0 o level. (C) A combined surface 
(PDZ34) and stick model (the C-terminal peptide) representation showing the interactions between the PDZ34 supramodule and the C-terminal peptide. (D) A close-up view of the interaction interface 
between the PDZ34 supramodule and the C-terminal peptide. In this surface representation, the colour scheme follows that of Figure 1(E). 


pocket formed by «B and BB of PDZ3, whereas the hydroxy 
group of Thr~* specifically forms a hydrogen bond with the side 
chain of His”! at the «B1 position of PDZ3 (Figures 5A and 5B). 
The side chain of Asp~' also forms a hydrogen bond with Ser!°"” 
from 6B of PDZ3. In addition to the above conventional contacts 
between the C-terminal peptide and the «B/B pocket of PDZ3, 
the side chains of the two upstream residues GlIn~* and Phe~* 
directly insert into the upper and lower halves of the interdomain 
pocket of the PDZ34 supramodule respectively (Figure 4D), thus 
supporting that the interdomain interface is directly involved in 
the recognition of the C-terminal peptide. 


Interdomain interface-mediated specific recognition 
of the C-terminal peptide 


Based on the above structure of the PDZ34—C-terminal peptide 
complex, the interdomain pocket can indeed recognize Gln~? 
and Phe~‘ of the ‘-S-W-F-Q-T-D-L’ peptide. More specifically, 
Gln~? fits well into the upper half of the interdomain pocket, i.e. 
its hydrophilic side chain forms a hydrogen-bond network with 
Ser!'™ and Glu!!® from PDZ4 and Ser” from PDZ3 (Figure 5C). 


The change of GlIn~? to Glu~? or His~? in the C-terminal peptide 
moderately decreased the binding affinity (~3-fold) possibly 
due to mildly interfering with this hydrogen-bond interaction 
network (since Glu? and His~* may also be capable of forming a 
hydrogen bond with Ser!" or Ser'®”; Figure 3C; Supplementary 
Figure S6). In contrast, replacing Gln-* with Asp~ significantly 
disrupted the PDZ34—peptide interaction (with a ~10-fold lower 
binding affinity) probably because the side chain of Asp~? is too 
short to reach the position for forming a hydrogen-bond network 
with those residues within the upper half of the interdomain 
pocket (Figure 3C; Supplementary Figure S6). As expected, the 
change of Ser” to Ala’ or Glu” within the interdomain 
pocket could also decrease the binding affinity (Figure 5D). In 
addition to the above interactions between Gln~* and the upper 
half of the interdomain pocket, Phe~* of the C-terminal peptide 
directly inserts into the lower half of this pocket. The bulky 
aromatic ring of Phe~* aligns with the side chain of His’ 
from PDZ3 and is also capped by the BE’-wB’ loop of PDZ4 
(Figure 5C). Consistent with the role of Phe~*, the mutation 
of Phe~* to Ser~* also decreased the binding affinity (~3-fold; 
Figure 3C, the ‘-S-S-S-Q-T-D-L’ peptide). Therefore, the — 3 
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Figure 5 


PDZ34 PDZ34 PDZ34 PDZ34 PDZ34 
WT S1039A | S1039E L1158Q SASS GS-Linker 
S 8 K QTD L 2.320.1 ND ND 5.6+0.1 6.60.2 11.541.4 


Interaction interface between the PDZ34 supramodule and the C-terminal peptide 


The aB/BB pocket of PDZ3 


v 


Kd (uM) 
PDZ34 


0.8+0.1 
14.542.5 


(A) A combined ribbon and stick model representation showing the interaction interface between the PDZ34 supramodule and C-terminal peptide. The side chains of the residues involved in the 
interactions are shown as sticks. The upper and lower halves of the interdomain pocket are highlighted by red circles. (B) The canonical interactions between the B/B pocket of PDZ3 and the 
C-terminal peptide. (C) A combined surface and stick model representation of interaction interface between the interdomain pocket and the C-terminal peptide. (D) A summary of the binding results 
of PDZ34, PDZ34 mutants and PDZ3 for the ‘-S-W-F-Q-T-D-L’ and '-S-S-K-Q-T-D-L’ peptides. ND, not determined. 


and —4 positions of the C-terminal peptide can be specifically 
recognized by the upper and lower halves of the interdomain 
pocket respectively. In contrast with Gln~? and Phe~*, Trp~> of 
the C-terminal peptide protrudes from the target-binding groove 
of the PDZ34 supramodule (Figure 5C), thus suggesting that the 
— 5 position of the C-terminal peptide does not contribute to the 
binding. Consistent with this structural feature, the Trp~°* to Gly ~° 
mutant (the ‘-S-G-F-Q-T-D-L’ peptide) showed a similar binding 
affinity to that of the ‘-S-W-F-Q-T-D-L’ peptide (Figure 3C). 
Taken together, all of the above additional interactions between 
the two upstream residues and the interdomain pocket contribute 
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to the high binding affinity and specificity between the C-terminal 
peptide and the PDZ34 supramodule. 


Disruptions of the PDZ34 supramodule interfere with its 
target-binding property 


Since the interdomain pocket is essential for binding to the C- 
terminal peptide (Figure 5C), the dissociation of the PDZ34 
supramodule would eliminate the interdomain pocket and thus 
modulate its target-binding property. To validate this hypothesis, 
we evaluated the binding between the PDZ34 mutants (with the 
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mutations in the interdomain interaction interface and covalent 
linker to destabilize and dissociate the PDZ34 supramodule; 
Supplementary Figure S2) and the ‘-S-W-F-Q-T-D-L’ peptide. 
However, all of the mutants showed a relatively higher binding 
affinity for the ‘-S-W-F-Q-T-D-L’ peptide than that of the 
wild-type (Figure 5D). The possible explanation is that the 
dissociation of the PDZ34 supramodule would also expose the 
extended hydrophobic BB—BC loop of PDZ3 that could recognize 
the upstream Phe~* and Trp~° of ‘-S-W-F-Q-T-D-L’ peptide 
(Supplementary Figure S3C), which would compensate for the 
loss of the interactions between the interdomain pocket and the 
peptide. Consistent with this assumption, PDZ3 alone binds to 
the ‘-S-W-F-Q-T-D-L’ peptide with a higher affinity than that 
of the PDZ34 supramodule (~1 uM compared with ~7 uM; 
Figure 5D). Thus, the ‘-S-W-F-Q-T-D-L’ peptide is not the 
optimal peptide for binding to the PDZ34 supramodule but PDZ3. 
Based on the structure of the PDZ34—C-terminal peptide complex 
(Figure 3C), we found that the lower half of the interdomain 
pocket is slightly negatively charged and thus redesigned a C- 
terminal peptide with Phe~* and Trp~° replaced by Lys~* and 
Ser~> respectively, for the PDZ34 supramodule (Supplementary 
Figure S7A). As expected, the “-S-S-K-Q-T-D-L’ peptide binds 
to the PDZ34 supramodule much more strongly than PDZ3 
(~2 uM compared with ~15 uM; Figure 5D; Supplementary 
Figure S7B). All of the PDZ34 mutants showed decreased binding 
affinity for the ‘-S-S-K-Q-T-D-L’ peptide due to the loss of the 
interdomain pocket (Figure 5D; Supplementary Figure S8). Taken 
together, all of the above data demonstrate that disruptions of the 
PDZ34 supramodule interfere with its target-binding capacity and 
specificity and could most probably switch its target recognition 
mode to that of isolated PDZ3 (see the Discussion). 


DISCUSSION 


Tandem-arranged PDZ domains in multimodular scaffold proteins 
often form a compact structural supramodule that possesses 
distinct target recognition characteristics [5,6]. In the present 
study, we determined the structure of the PDZ34 tandem of 
Scribble, which revealed the intrinsic supramodular nature of 
this PDZ tandem. This finding would broaden the growing 
list of tandem-arranged PDZ supramodules and also provides 
an opportunity to compare and generalize their interdomain 
packing features. Compared with other tandem-arranged PDZ 
supramodules, the Scribble PDZ34 supramodule has a similar 
‘front-to-back’ interdomain packing mode to that of GRIP1 
(glutamate receptor-interacting protein 1) PDZ12, Syntenin 
PDZ12 and PSD-95 PDZ12 supramodules, but the effects of this 
interdomain packing mode on their target-binding capacities are 
significantly different (Figures 6A—6D). In the GRIP1 PDZ12 
supramodule, the ‘back’ site of PDZ1 packs with the ‘front’ target- 
binding pocket of PDZ2 and blocks the target-binding capacity 
of PDZ2 [35] (Figure 6B), whereas in the Scribble PDZ34 
supramodule, the ‘front-to-back’ interdomain packing generates 
an interdomain pocket (rather than blocks the target-binding 
pocket of PDZ3) for recognizing C-terminal target peptides 
(Figure 6A). In contrast, this type of interdomain packing has 
no direct effect on the target-binding capacity of each domain in 
both the Syntenin PDZ12 and the PSD-95 PDZ12 supramodules 
(Figures 6C and 6D) [36,37]. Therefore, the ‘front-to-back’ 
interdomain packing seems to play diverse roles in regulating the 
target-binding property of PDZ supramodules. More interestingly, 
in addition to the above ‘front-to-back’ interdomain packing 
mode, the ‘front-to-front’ and ‘back-to-back’ modes are found in 
the INAD (inactivation no after potential D) PDZ45 and GRIP1 


PDZ45 supramodules respectively (Figures 6E and 6F) [38,39], 
further suggesting that the interdomain packing modes of tandem- 
arranged PDZ supramodules are also diverse. 

In the Scribble PDZ34 supramodule, the interdomain pocket 
between PDZ3 and PDZ4 is close to the canonical wB/BB pocket 
of PDZ3 and integrates with it to form an expanded target-binding 
groove (Figure 3). The structure of the PDZ34 supramodule 
in complex with the C-terminal peptide demonstrated that the 
interdomain pocket and the wB/BB pocket of PDZ3 are both 
directly involved in recognizing the C-terminal peptide, i.e. the 
aB/BB pocket of PDZ3 accommodates the last three residues 
of the C-terminal peptide, whereas the interdomain pocket 
recognizes the upstream two residues (Figure 4). In contrast, 
if the PDZ34 supramodule was opened between the two PDZ 
domains, the extended hydrophobic B-C loop of PDZ3 
(that is buried in the interdomain interaction interface) would 
be exposed to interact with the upstream residues of the C- 
terminal peptide (Supplementary Figure S3C). Consistent with 
this assumption, isolated PDZ3 indeed prefers to bind to the 
C-terminal peptide with hydrophobic residues at the — 4 and 
—5 positions (Figure 5D) [27]. Therefore, although the PDZ34 
supramodule and PDZ3 share a similar wB/BB pocket, the 
additional segments that recognize the upstream residues of the C- 
terminal peptide are different (the interdomain pocket compared 
with the hydrophobic BB-8C loop), which would cause the 
target-binding difference between them (Figure 4; Supplementary 
Figure S3). Supporting this hypothesis, the — 5 position of the C- 
terminal peptide that is essential for binding to PDZ3 was found 
not to be critical for interacting with the PDZ34 supramodule 
(Figure 5) [27]. Moreover, the PDZ34 supramodule prefers 
to interact with the ‘-S-S-K-Q-T-D-L’ peptide, whereas PDZ3 
binds to the ‘-S-W-F-Q-T-D-L’ peptide with a stronger affinity 
(Figure 5). Mutations of the upstream residues of the C-terminal 
peptide that insert into the interdomain pocket interfere with the 
binding to the PDZ34 supramodule (Figures 3 and 4). Thus, 
the interdomain interface of the PDZ34 supramodule is directly 
involved in its target recognition and may determine its target- 
binding specificity (such as the discrimination of some binding 
partners from that of PDZ3). More interestingly, disruptions of 
the PDZ34 supramodule could somewhat modulate its target- 
binding property and the PDZ34 mutants show the similar target- 
binding property to that of PDZ3 (Figure 5). Thus, the formation 
and dissociation of the PDZ34 supramodule may also act as a 
functional switch to differentiate the binding targets between 
the PDZ34 supramodule and PDZ3. However, the C-terminal 
peptides used in the present study may not be the optimal target 
peptide for the PDZ34 supramodule because we did not perform 
the systematic screening of each position of the C-terminal 
peptide for binding to this PDZ supramodule. The seeking of 
the best target peptide and potential cellular ligands for the 
Scribble PDZ34 supramodule still needs and is worthy of further 
investigation. 

The interdomain interface-mediated specific target recognition 
mode of the Scribble PDZ34 supramodule is significantly distinct 
from that of other tandem-arranged PDZ supramodules (Figure 6). 
In the Syntenin PDZ12 and PSD-95 PDZ12 supramodules, the two 
aB/6B target-binding pockets are both capable of binding to C- 
terminal peptides and can synergistically interact with two target 
proteins [36,37] (Figures 6C and 6D). However, in the GRIP1 
PDZ12 and PDZ45 supramodules, one PDZ domain cannot bind 
to the C-terminal peptide but can help the proper folding of the 
other PDZ domain that can bind to the target peptide [35,38] 
(Figures 6B and 6F) and in the INAD PDZ45 supramodule, one 
PDZ domain can maintain the reduced state of the other PDZ 
domain for binding to the C-terminal peptide [39] (Figure 6E). In 
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Figure 6 Structural comparison of different tandem-arranged PDZ supramodules 


A combined surface and ribbon representation of the Scribble PDZ34 supramodule (A), the GRIP1 PDZ12 supramodule (PDB code: 2QT5) (B), the Syntenin PDZ12 supramodule (PDB code: 1W9E) 
(C), the PSD-95 PDZ12 supramodule (PDB code: 3GSL) (D), the INAD PDZ45 supramodule (PDB code: 3ROH) (E) and the GRIP1 PDZ45 supramodule (PDB code: 1P1D) (F). Briefly, among these 
PDZ supramodules, Scribble PDZ34 shows a similar ‘front-to-back’ mode to that of GRIP1 PDZ12, Syntenin PDZ12 and PSD-95 PDZ12, which is distinct from that of INAD PDZ45 and GRIP1 PDZ45. 
The interdomain interface of the Scribble PDZ34 supramodule is directly involved in the target recognition, which is distinct from the target recognition modes of other PDZ supramodules. 
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these PDZ supramodules, the interdomain interface is not directly 
involved in the target recognition but probably facilitates the 
formation of the active state of one of the two PDZ domains. 
The recognition of C-terminal target peptides solely depends on 
one PDZ domain and needs the other PDZ domain to help to 
maintain its proper folding/active state (Figure 6). Therefore, the 
interdomain interface-mediated specific recognition of C-terminal 
peptides found in the Scribble PDZ34 supramodule represents a 
novel mode of target recognition and would broaden the target- 
binding versatility for tandem-arranged PDZ supramodules. 

Finally, as a key cell polarity regulator, Scribble has been 
reported to bind to its target proteins through PDZ3 and PDZ4 
to regulate cell polarity [23,27,40]. However, in these studies, the 
two PDZ domains were largely treated as two separate domains 
without considering the possibility that they can work together 
to function as an integrated supramodule (Figure 1). Since the 
structural and biochemical analysis demonstrated that the PDZ34 
tandem should be considered as one structural and functional unit 
(Figures 1 and 4), the binding data that were obtained based on 
isolated PDZ3 or PDZ4 may not actually reflect the interaction 
relationship between Scribble and its target proteins and need to 
be carefully reinterpreted. Thus, the supramodular nature of the 
PDZ34 tandem found in the present study may also help us to 
rethink and direct further research on the PDZ domain-mediated 
interactions between Scribble and its target proteins. 
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